Abstract: We investigated injection moulded composites of a polylactic acid matrix reinforced with cellulose fibers. We produced long fiber reinforced granules (preforms) with the use of two technologies: extrusion coating and film stacking. We examined the effect of fiber reinforcement and manufacturing technology on the properties of the composites. 30 wt% fiber reinforcement caused an increase in both strength and modulus compared to the reference PLA, and we also managed to improve creep resistance.
Introduction
Nowadays even though crude oil prices are going down, the amount of bioplastics sold keep on growing and a great deal of effort is spent on their development, therefore more and more research projects focus on a biopolymer. According to estimates, petroleum reserves are enough for another 40 years or so but as crude oil is running out; its price is going to go up, making petroleum-based plastics more expensive, too. Although only 5-6% of crude oil is used by the plastic industry each year, it is important to research for alternatives to replace petroleum-based polymers. Another serious problem is waste management, as conventional polymers take a very long time to decompose or do not decompose at all, and therefore present an enormous load on the environment. The use of biopolymers [1] (biodegradable polymers produced from renewable resources) can solve this problem; at the end of their lifetime, they can be decomposed into humus, water and carbon dioxide in the proper environment. However, some biopolymers have properties inferior to those of conventional polymers or are more expensive than petroleum-based polymers, which limits their widespread use. A prominent representative of biopolymers is polylactic acid (PLA), which is most similar to polyethylene terephthalate (PET) and polystyrene (PS) in terms of its structure and properties. Its high strength (50-60 MPa) and rigidity (3-4 GPa) make it stand out from other biopolymers but still, it is most extensively used in the packaging industry [2] [13] , the composite will completely retain the biodegradability of PLA.
With the use of natural fibers, strength, modulus and impact strength can be improved, and the composite will also be biodegradable. Many papers have focused on PLA composites with various cellulose-based fibers as reinforcement, such as flax, hemp, cotton, jute, kenaf, and other natural and artificial cellulose fibers. A critical point of PLA composites reinforced with cellulose-based fibers is fibermatrix adhesion -its quality greatly affects the properties of the composite. It may happen that the strength of the composite is lower than that of the matrix even in the case of 47 vol% reinforcement [14] . Researchers have used numerous surface treatment agents to improve adhesion between cellulose-based fibers and PLA [14] [20] . Sawpan et al [15] investigated the effect of surface treatment on interfacial shear strength (IFSS) in the case of hemp and PLA. They subjected the fibers to alkali (PLA/ALK), silane (PLA/SIL), acetyl (PLA/ACY), maleic anhydride (PLA/MA), and combined alkali-silane (PLA/ALKSIL) surface treatment. They explained the difference between the different kinds of surface treatments with the OH side groups of the treated fiber, with which they can connect to the carbonyl and carboxyl groups of the PLA. Treatment with acetyl and maleic anhydride did not result in much improvement -researchers explained this with the fact that in the two surface treatments, the OH groups of the fiber are replaced by CH3CO (acetate), and COOH (carboxyl) groups, as a result of which fewer OH groups can contribute to interfacial adhesion. Tokor et al [16] performed a similar IFSS test on bamboo fibers treated with an alkali and steaming, and Cho et al [17] as well, on jute and kenaf fibers treated with static and dynamic soaking. In both cases, the researchers showed that surface treatment improved adhesion, which was indicated by the increase in interfacial shear strength. Huda et al [14] investigated the effect of alkali and silane surface treatment on kenaf/PLA composites. As fiber content increased, flexural modulus increased as well, but strength decreased initially, which the researchers attributed to the inferior adhesion between the fibers and the PLA. The alkali/silane combined surface treatment resulted in a considerable increase of modulus from 27 vol%, and all surface treatments led to better mechanical properties. However, even this increased strength is less than the strength of PLA, which can be attributed to the structural damage and strength decrease of the kenaf fibers as a result of surface treatment. Surface treatment on the other hand, considerably improved the notched Izod impact strength of the composites (alkali treatment improved it by 50%), and the heat deflection temperature also increased from 65 °C to 174 °C), which the researchers attributed to improved fiber-matrix adhesion. This, however, should be viewed critically because the PLA they used had a melting temperature range of 150-180 °C. Storage modulus increased more than 100% as a result of the combined surface treatment.
In the literature, the most commonly used method to produce biocomposites is film stacking [18] [19] [20] [21] [22] . Its advantage is that up to 70 wt% fiber content can be achieved, as opposed to the 30 wt% achievable by injection moulding, which allows considerable improvement in properties. Ochi's [19] 70 wt% kenafreinforced composites manufactured by film stacking had a tensile strength of 223 MPa and a flexural strength of 254 MPa; modulus values were around 22 GPa. in spite of the considerable improvement, he also mentions imperfect adhesion.
Injection moulding can produce products of far more complicated geometry than film stacking but maximum fiber content and fiber length are lower as during extrusion and injection moulding, fibers are broken. Bledzki et al [23] [24] compared injection moulded polypropylene and polylactic acid based biocomposites with 30 wt% fiber content. They found that the best composite was cellulose fiber reinforced PLA both in terms of strength and impact strength. The researchers attributed this to the far more uniform quality of regenerated cellulose than that of plant fibers, and also mentioned that fiber matrix adhesion is critical, and that too high processing temperatures can cause the cellulose fibers to degrade. The achievable maximum tensile strength and modulus are lower than in the case of filmstacked composites; tensile strength was 92 MPa and modulus was 6.5 GPa. Many research projects [25] [26] [27] [28] yielded similar results; lower fiber content than in the case of film stacking results in less improvement in strength and other properties.
Based on the literature, it can be concluded that in the case of these biocomposites, the most important task is to create proper adhesion. If adhesion is good, fiber reinforcement can considerable improve the strength, impact strength and heat deflection temperature of PLA. In some cases, however, the strength of the fiberreinforced composite did not even reach that of pure PLA. Many surface treatment agents have been tried but alkali and silane treatment proved the best. A great disadvantage of surface treatment agents is that they are poisonous and dangerous; therefore, their application is complicated and treatment takes a long time. In most cases, the composites were manufactured by film stacking, which greatly improved strength parameters due to high fiber content. Injection moulding was only used in a few cases, mostly due to the low achievable fiber content.
Materials and methods
Injection moulding grade PLA type 3052D from NatureWorks was used in our research with a D-Lactide content of around 4%. 3052D PLA has a density of 1.24 g/cm3, a Tg range of 55-60 °C, a melting temperature range of 145-160 °C and a melt flow index of 14 g/10 min (at 210 °C, with a 2.16 kg load). PLA was dried for 6 hours at 80°C before biocomposite production. We used Viscord Bohemia Super 2 type regenerated cellulose fibers from Glanzstoff Bohemia. Its linear density is 2440 dtex, the number of fibers in a roving is 1320.
The long fiber preforms necessary for the tests were prepared with two technologies (Fig. 1.) . One was extrusion coating. We produced the long-fiber granules with a coating tool fitted to a Labtech LTE 26-44 twin-screw extruder, and fiber puller and pelletizer connected to it. We varied fiber content by modifying the rotational speed of the extruder, the fiber pulling speed, and the amount of fibers entered into the die. At an extruder screw rotational speed of 10 1/min and a pulling speed of 12 m/min, in the case of 2 cellulose rovings, fiber content was 15 wt%, while in the case of 4 cellulose rovings, it was 30 wt%. The other method of making long-fiber granules was film stacking, with which we produced thin sheets containing 30 wt% fibers. We then cut these sheets into 10 mm long pieces. 10 mm initial pellet length were used since it was possible to make this pellet size in both technologies. Additionally, higher than 10 mm and lower than 5 mm pellet lengths were also investigated in a tests not presented in this paper, since both pellet length ranges were rejected. The usage of higher pellet length was rejected due to very high fibre distribution inhomogeneity, while the usage of lower pellet length was also rejected since the fibres pull-out from the pellets during cutting. Accordingly, in our paper, based on these previous tests, the effect of initial pellet length of 5, 7, and 10 mm was investigated. The specimens were produced by injection moulding from types of both long-fiber granules. An Arburg Allrounder 370S 700-290 injection moulding machine was used for this. Melt temperature was 170-230 °C, and mold temperature was 25 °C. Shot volume was 43 cm 3 , switchover volume was 12 cm 3 , screw rotational speed was 15 m/min, holding pressure and holding time were 600 bar and 20 s, and residual cooling time was 40 s. The designation of samples produced by coating and injection moulding was C+IM, while the designation of samples made by film stacking and injection moulding was HP+IM.
Differential Scanning Calorimetry measurements were performed on a TA Instruments Q2000 type calorimeter (NewCastle, USA). 3-6 mg samples were taken from the middle of the cross-section of the injection moulded specimens. Firstly, we took the samples from unannealed injection moulded specimens and performed isothermal measurements to determine necessary annealing times. Secondly, after annealing the injection moulded specimens for various times or at various temperatures, we examined the samples in non-isothermal mode (heat/cool/heat) from 0 to 200 °C at a heating/cooling rate of 5 °C/min to determine the glass transition temperature (Tg), cold crystallization temperature (Tcc), enthalpy of coldcrystallization (ΔHcc), melting temperature (Tm), and the enthalpy of fusion (ΔHm). Crystallinity was calculated from the first heating scan of the injection moulded specimens with Eq. (1):
where Xc (%) is the calculated crystallinity, ∆Hm (J/g) and ∆Hcc (J/g) are the enthalpy of fusion and the enthalpy of cold crystallization, respectively, a [-] is fiber content, and ∆Hf (J/g) is the enthalpy of fusion for 100% crystalline PLA (93.1 J/g) [3] .
Heat Deflection Temperature measurements were performed on a Ceast HV3 type HDT (Torino, Italy) measuring equipment, according to the ISO 75:2013 standard. HDT B type measurements were carried out in flatwise mode with a loading stress of 0.45 MPa, heating rate of 2 °C/min (120 °C/hour) and with a span length of 64 mm.
The mechanical properties of the annealed and unannealed PLA specimens were analyzed with tensile, flexural and Charpy tests, based on MSZ EN ISO 527:2012, MSZ EN ISO 178:2011 and MSZ EN ISO 179:2010 respectively. The tensile and the flexural tests were performed on a Zwick Z020 universal testing machine (Ulm, Germany), equipped with a Zwick BZ 020/TN2S force measuring cell with a force limit of 20 kN, with a crosshead speed of 5 mm/min. The Charpy impact tests were performed on unnotched samples with a Ceast Resil Impactor (Torino, Italy) impact testing machine equipped with a 2 J impact energy hammer and a DAS8000 data collector unit. All of the tests were performed at room temperature and at a relative humidity of 50 ± 10%.
Scanning electron microscopy (SEM) was performed with a Jeol JSM 6380LA type electron microscope. The fracture surfaces of the tensile specimens were used for the observations. An Au/Pd alloy was sputtered onto the surface prior to observation to avoid electrostatic charging.
Results and discussion
After coating it can be seen that fiber reinforcement is in the middle, and it is surrounded by the PLA matrix. The image of higher magnification clearly shows that there is little PLA between the introduced fiber bundles. The dispersion of fibers during injection moulding may be made more difficult by the fact that the fiber bundle remained as one whole after coating. (Fig. 2.) .
Figure 2. The structure of the composite preform made with extrusion coating
In the case of the preform produced by film stacking (Fig. 3.) , the fiber bundles do not form a whole unit so much and there is matrix material between the fibers. This way during subsequent injection moulding, the fibers can be dispersed better, which can result in better properties of the composite. First, we performed tensile, flexural and Charpy impact tests on the long-fiber injection moulded PLA/cellulose composites. The average fiber content of the composites was 15 and 30 wt%. We managed to achieve improvement in strength and impact strength with the use of cellulose fibers even at low fiber content (~15 wt%). Cellulose fibers did not improve tensile strength and modulus much, but they increased flexural strength from 97.8 MPa to 133.3 MPa, and modulus from 3.4 GPa to 5.3 GPa (Fig. 4.) . At higher fiber content, tensile elasticity modulus decreased due to the inferior dispersion of fibers (Fig. 4) . Cellulose fibers improved both Charpy impact strength and thermal dimensional stability. In the case of both properties, PLA and the composite had the roughly same values up 15 wt% fiber content, while both the toughness and heat deflection temperature of the composite containing 30 wt% fibers increased. Charpy impact strength doubled and the heat deflection temperature increased by 25 °C (Fig. 5.) . Cellulose fibers can improve resistance to creep compared to pure PLA (Fig. 6.) . At a load of 30 wt%, the lifetime of composites injection moulded from film-stacked preforms is considerably longer, thanks to the better dispersed fibers in the composite. Obviously, the neglections applied by the approximation method, such as ambient temperature and its deviations, UV radiation and its effects, degradation and mechanical impacts have to be taken into account. In the case of composites, we examined the effect of injection moulding parameters (melt temperature, injection speed, back pressure, screw rotational speed, initial granule length) on the properties of the composites. The results indicate that an increase in melt temperature (Fig. 7.) , and injection speed (Fig. 8.) , and a decrease in initial granule length (Fig. 9. ) resulted in increased tensile strength and tensile elasticity modulus but did not affect Charpy impact strength. When melt temperature was increased from 170 °C to 230 °C, both tensile and flexural strength increased by nearly 30 MPa, but modulus did not change much.
Figure 7. The effect of melt temperature on tensile a) and flexural b) strength and modulus
Reducing injection speed has a beneficial effect on the strength of the composite; probably because fiber breaking is reduced. Reducing injection speed to 10 cm The initial length of the long fiber granules affected the properties of the composite. Contrary to our expectations, the shorter pellet length was more effective in reinforcing capability due to the fact that shorter fibres could be more uniformly distributed in the specimens during injection moulding, while the long pellets caused inhomogeneity and increased stress concentration. The tensile and flexural strength of composites injection moulded from the shorter, 5 mm granules were slightly higher (by about 10 MPa) than in the case of the 10 mm granules. This is due to the fact that shorter fibers stick together less and are easier to disperse than longer fibers, which are more likely to form bundles, which also act as defect (Fig. 10.) . A table has been constructed to present the results of 
Summary
In our work we produced long fiber reinforced granules with two different technologies for injection moulding. The maximum fibre content was 30 wt%. Due to the long fibre reinforcement both the strength and the modulus were increased by 40% and 50% respectively. Also the creep resistance was better of the composites compared to the neat PLA. Heat deflection temperature was also increased by 23 °C up to 78 °C.
